hemodynamics (pulse pressure [PP] , wave reflections, aortic stiffness) and exercise capacity, using a standardized exercise test (ergospirometry). The hypothesis was, that higher aortic stiffness/wave reflections, measured at rest, put a greater pulsatile afterload on the heart, and, therefore, there would be an inverse relationship between exercise capacity, aortic stiffness, and wave reflections.
METHODS

Patients
Sixty-six patients with exertional dyspnea and normal left ventricular ejection fraction (LVEF) were prospectively enrolled in our study at our tertiary referral cardiology department in a large university teaching hospital. Exclusion criteria were impaired systolic function (LVEF < 50%), more than trivial valvular heart disease, significant coronary artery stenosis (assessed with invasive coronary angiography; patients with successfully revascularized prior stenosis could be included), heart rhythm other than sinus rhythm at the time of examination, more than mildly impaired pulmonary function, other reasons for exercise impairment (e.g., severe anemia or orthopedic problems), patients not reaching metabolic exertion (i.e., respiratory exchange ratio > 1) 16 at maximum workload, and patients with a pulmonary limitation of exertion (i.e., breathing reserve < 20% at the end of the exercise test). 16 All patients underwent assessment of pulsatile hemodynamics, cardiac catheterization, echocardiography, and ergospirometry. The study was approved by our regional ethics committee (Ethikkommission für das Land Oberösterreich)-EK number 248, and all patients gave written informed consent.
Hypertension was defined as repeated measurements ≥140 mm Hg systolic and/or ≥90 mm Hg diastolic blood pressure (BP), or permanent antihypertensive drug treatment. Diabetes mellitus was defined as a fasting blood glucose concentration ≥126 mg/dl and HbA1c ≥6.5% or antihyperglycemic drug treatment. We defined significant coronary artery disease (CAD) as at least one ≥50% diameter stenosis in at least one major coronary vessel.
Pulsatile hemodynamics
Brachial BP was measured with a validated automated, oscillometric, sphygmomanometer (Omron M5-I, Omron Healthcare, Kyoto, Japan). 17 Pulsatile hemodynamics were assessed, as previously described in detail, 3, 18 using the Sphygmocor device (Atcor Medical, West Ryde, New South Wales, Australia). With this technique, sequential pressure waveforms are recorded at the radial artery with a high fidelity tonometer (Millar instruments, Houston, TX) and calibrated with brachial systolic and diastolic BP for assessment of central pressures, pulse waveform analysis (yielding augmentation pressure [AP] ad augmentation index [AIx]) 19 and wave separation analysis (yielding Pf, Pb, reflection magnitude). 20 Pulse wave transit time (Tr) is the time from the beginning of the derived aortic systolic pressure waveform to the inflection point and has been shown to be related to pulse wave velocity (PWV)-a shorter Tr will lead to a higher PWV). Central pressures were calculated with a validated generalized transfer function. Pulse waveform analysis was performed with the SphygmoCor software system version 9, wave separation analysis with the ARCSolver method. 18 Pulsatile hemodynamics were measured by nurses not involved in other aspects of the study. Measurements were taken within 3 days apart from exercise testing. Patients had to be sitting for at least 5 minutes in a quiet, temperature-controlled room (22 ± 1 °C) before measurements. Aortic PWV was estimated from single-point waveforms, using the validated ARCSolver algorithm. 21 
Cardiopulmonary exercise testing
A symptom-limited ergospirometry was performed in all patients, using the Ergostik unit (Geratherm Respiratory, Bad Kissingen, Germany) and an electronically braked cycle ergometer with an individualized ramp protocol: after a 3-minute (min) resting period, the workload was increased continuosly, aiming to reach peak VO 2 after 8 to 12 minutes. 12-lead electrocardiograms were obtained at rest, and continuously during the study. At rest, each 2 minutes during exercise, and for at least 5 minutes during the recovery phase, brachial BP was measured using a standard cuff oscillometric sphygmomanometer. Minute ventilation, oxygen uptake (VO 2 ), and carbon dioxide output (VCO 2 ) were measured with rapidly responding gas analyzers breath-by-breath during the test, the other cardiopulmonary variables were derived according to standard guidelines. 22 Peak VO 2 and peak respiratory exchange ratio were assessed as the highest 30-second average during exercise. Maximum exercise capacity was expressed as maximum workload and as peak VO 2 . In addition, myocardial oxygen uptake was estimated by the rate-pressure product (RPP) at peak exercise. 11
Echocardiography
A detailed 2-dimensional and Doppler echocardiogram according to the recommendations of the American Society of Echocardiography and the European Association of Echocardiography was obtained in all patients immediately before or after measurement of arterial stiffness/wave reflections, using a Philips iE33 (Philips) machine. 23 In the absence of segmental contraction abnormalities, left atrial diameter and left ventricular dimensions (to calculate stroke volume [SV] with the Teichholz formula 23 and left ventricular mass with the Devereux formula 23 ) were assessed with m-mode in the parasternal long axis view. For pulsed wave tissue Doppler imaging, the sample volume was located at the medial border of the mitral annulus in the apical 4-chamber view, where we obtained early diastolic mitral annulus velocity (E′ med).
Cardiac catheterization
In all patients, significant coronary stenosis was ruled out by invasive coronary angiography on a monoplane or biplane angiography system. (Siemens Artis Zee with AXIOM Sensis hemodynamic recording system, Siemens Healthcare, Erlangen, Germany).
Diagnosis of HFpEF
According to current guidelines, 24 the diagnosis of HFpEF remains challenging. For this analysis, we used the proposed cutoff-values (N-terminal pro-brain natriuretic peptide (nt-proBNP) ≥125 pg/ml, EF >50%, objective evidence of structural cardiac abnormalities (left ventricular mass index ≥115 g/m 2 in males/≥ 95 g/m 2 in females; enlarged left atrium) or functional cardiac abnormalities (E/E′ ≥ 13) in addition to the leading symptom of exertional dyspnea to establish the diagnosis of HFpEF.
Statistical analysis
Continuous variables are expressed as mean value with SD, categorical data as numbers and percentages. Univariate associations between measures of exercise capacity on the one hand and demographic variables, pulsatile hemodynamics, and echocardiographic measurements on the other hand were examined using Pearson′s correlation coefficient. Next, stepwise multiple linear regression models for predicting parameters of exercise capacity were calculated, including age, gender, body mass index (BMI), and E/E′ in addition to parameters of pulsatile hemodynamics. Parameters of pulsatile hemodynamics in patients with and without HFpEF were compared, using unpaired t-test. Statistical analyses were performed using the Statistica 6.0 (StatSoft, Tulsa, OK) and MedCalc 9.2 (MedCalc software, Mariakerke, Belgium) software. For all tests, a P value of <0.05 was considered significant.
RESULTS
The baseline characteristics of our study group are shown in (Table 1) .
Among the 66 individuals included, 23 (35%) were male. Mean age was 66 years (SD 11). Mean BMI was 28.3 kg/ m 2 (SD 5.2); 83% had hypertension, 13% were diabetics, and 11% were diagnosed with CAD (without significant coronary obstruction at the time of the study). At time of 
Numbers (%) or means (SD)
Peak VO 2 , ml/min/kg % predicted 84.8 (33) Abbreviations: AIx, augmentation index; AP, augmentation pressure; Bpm, beats per minute; DBP, diastolic blood pressure; HDL, highdensity lipoprotein; LDL, low-density lipoprotein; LVMI, left ventricular mass index; Nt-proBNP, aminoterminal pro-brain natriuretic peptide; Pb, amplitude of backward wave; Pf, amplitude of forward wave; PP, pulse pressure; SBP, systolic blood pressure; Tr, transit time. Table 1 . Continued investigation, all of them were in sinus rhythm. Mean plasma level of NT-proBNP was 187 (SD 182) pg/ml.
At rest, mean brachial BP was mildly elevated (144/82 mm Hg). Mean LVEF was 76% (SD 8) by angiography and 70.4% (SD 9.4) by echocardiography. Early diastolic function was impaired in most patients (mean E′ med was 5.3 cm/s), and filling pressures were elevated in most patients (mean E/E′ was 11.9) ( Table 1) .
Mean peak VO 2 was 17.0 ml/kg/min (SD 6.1), corresponding to a predicted value of 84.8% (SD 33). Maximum workload was 104.5 watts (SD 52.3), corresponding to a predicted value of 80.9% (SD 28.8) ( Table 1 ). RPP at peak exercise was 23,655 (SD 5752) mm Hg * min −1 .
Univariate associations of exercise capacity, anthropometric, and laboratory measurements
Age was inversely related to exercise capacity (peak VO 2 , maximum workload), as was NT-proBNP and BMI (Table 2) . Age was also inversely associated with RPP.
Univariate associations of exercise capacity and echocardiographic parameters SV, LV mass, and E′ were directly correlated with maximum workload, SV and E′ also with peak VO 2 . E/E' was inversely related to maximum workload and peak VO 2 ( Table 2) .
Univariate associations of exercise capacity and pulsatile hemodynamics
Brachial BPs (systolic and diastolic) at rest were not related to exercise capacity. Brachial and central PPs, as well as measures of wave reflections and aortic pulse wave velocity (aoPWV) were inversely related to maximum workload and peak VO 2 , whereas Tr was directly related to maximum workload and peak VO 2 (Table 2, Figure 1) . Measures of wave reflections, as well as aoPWV, were inversely related to RPP.
Multivariable models (multiple regression) to predict exercise capacity
In multiple adjusted regression models, explaining roughly 75% of the variability in maximum workload, brachial and aortic PP, AP, Pf, Pb, Tr, and aortic PWV were significant predictors of maximum workload (Table 3) . Older age, female gender, higher left ventricular filling pressures (E/E′), and lower SVs were also significant independent predictors of lower exercise capacity, expressed as maximum workload. In contrast, BMI, NT-proBNP, left ventricular mass, left atrial diameter, presence of hypertension, and diabetes did not reach statistical significance in the multivariable models.
In multiple adjusted regression models, explaining roughly 60% of the variability in peak VO 2 , AP, AIx75, Pf, Pb, Tr, and aortic PWV were significant predictors of peak VO 2 (Table 3 ). Female gender, higher BMI, higher left ventricular filling pressures (E/E′), and lower SVs were also significant independent predictors of lower exercise capacity, expressed as peak VO 2 . In contrast, age, NT-proBNP, left ventricular mass, left atrial diameter, presence of hypertension, and diabetes did not reach statistical significance in the multivariable models.
Pulsatile hemodynamics in patients with and without HFpEF
In 33 patients, NT-proBNP levels were elevated and in 20 patients E/E′ was elevated. Thirty-three patients had left ventricular hypertrophy and in 14 patients the left atrium was enlarged. When we grouped patients according to recent guidelines, 25 32 were diagnosed with HFpEF. Importantly, exercise capacity of patients diagnosed with HFpEF was lower, as compared to controls: Maximum workload was 93.5 vs. 117.3 watts (P = 0.0006), and peak VO 2 was 16.2 vs. 18.0 ml/min/kg (P = 0.047) in patients with HFpEF vs. controls, respectively. Patients with HFpEF had higher brachial and central SBP, higher brachial and central PP, a higher amount of wave reflections, a trend toward a shorter Tr, and a higher aortic PWV, as compared to controls (Table 4) . 
DISCUSSION
In 66 patients with exertional dyspnea, in whom a pulmonary cause, a reduced EF, valvular disease as well as atrial fibrillation had been ruled out, and who completed the exercise test (respiratory exchange ratio > 1), we observed an independent association between exercise capacity as well as RPP as an estimate of myocardial oxygen uptake at peak exercise, and pulsatile hemodynamics at rest. In other words, impairment in exercise capacity was associated with worse pulsatile function/higher arterial stiffness, suggesting that pulsatile arterial function may influence exercise capacity. The current study extends our previous results 3, 26 of a relationship between resting measures of diastolic function and measures of pulsatile arterial function to an objective assessment of exercise capacity. In addition, this study complements our previous findings of an increasing impairment of pulsatile hemodynamics with increasing New York Heart Association classes in patients with normal ejection fraction. 3 Our findings are consistent with previous studies, examining the correlation between measures of arterial stiffness and cardiorespiratory fitness in athletes and healthy subjects, [27] [28] [29] patients with CAD undergoing rehabilitation, 30 and patients with diastolic heart failure 25, 31 and HFrEF. 32 In these studies, however, mainly univariate correlations or differences between healthy and diseased groups of individuals have been described, and comprehensive multivariable models, including contemporary echocardiographic parameters (E/E′) were lacking.
Recently, the relationship between resting measurements of cardiac and vascular function and exercise capacity has been examined in the Phosphodiesterase-5-Inhibition to Improve clinical Status and exercise capacity in diastolic heart failure (RELAX) clinical trial. 33 In that trial, all patients had HFpEF and were more severly limited than in our study. This can be explained by the fact that a peak VO 2 <60% of the predicted value was part of the inclusion criteria in RELAX. Nevertheless, age and peak VO 2 in the upper peak VO 2 tertile were rather similar to our HFpEF patients. In both studies, echocardiographic parameters of diastolic function were independently associated with exercise capacity. In RELAX, vascular parameters (effective arterial elastance, total arterial compliance), derived from echocardiography, were independently but moderately associated with exercise capacity. However, it was demonstrated, that effective arterial elastance is insensitive to pulsatile afterload, but rather a function of systemic arterial resistance (steady state afterload). 34 Pulsatile left ventricular afterload seems to be more closely reflected by the parameters we investigated, i.e., central pulse pressure, indices of wave reflections, and arterial stiffness. 35 All parameters of pulsatile arterial function are closely related to aging. 36 Interestingly, in our multivariable models, parameters of pulsatile arterial function, but not age itself remained significantly associated with peak VO 2 after adjustments. This may suggest that aging not only exerts its effects on exercise capacity through aging arteries with impaired pulsatile function, but even that it is biological or vascular aging rather than chronological aging, which is important.
Exercise capacity in our HFpEF patients (peak VO 2 16.2 ml/kg/min) was worse than in a 8 years younger population with chronic diastolic heart failure (peak VO 2 18.4 ml/ kg/min), 37 suggesting true functional limitation in our patients. In another study, 30 peak VO 2 in roughly 70 years old individuals was 14.1 ml/kg/min in HFpEF patients and 19.7 ml/kg/min in healthy adults, placing our 2 groups (peak VO 2 16.2 and 18.0 ml/kg/min in HFpEF and no HFpEF individuals) in between.
In a previous study by Kingwell and colleagues 38 in patients with exercise-induced ischemia and angiographically documented 1, 2, and 3 vessel disease, pulsatile hemodynamics were inversely related to time to ischemic threshold. In contrast, in our study, we included only patients with no significant coronary artery stenosis, proven by recent coronary angiography. The limiting factor for exercise capacity in our study was dyspnea, not angina. However, we observed a clear inverse relationship between RPP at peak exercise, an established proxy to myocardial oxygen uptake, and pulsatile hemodynamics as well, suggesting a contribution of myocardial perfusion in limiting exercise capacity even in patients without obstructive coronary artery disease.
One limitation of our study was that not all patients included with the leading symptom of exertional dyspnea fulfilled all the criteria of recent heart failure guidelines. 24 However, in reality, the relationship between measures of pulsatile hemodynamics and exercise capacity is continuous rather than categorical, as can be easily seen on the Figure 1 . Guidelines, on the other hand, need to rely on categories for obvious reasons (simplification, giving recommendations for diagnosis and treatment, etc). Another limitation is the observational nature of our study, which does not allow firm conclusions about causality. Indeed, a bidirectional relationship is plausible: exercise capacity may be impaired due to increased pulsatile afterload (our main hypothesis). On the other hand, pulsatile hemodynamics as well as exercise capacity can be improved with regular exercise, as we 30 and others [39] [40] [41] have shown previously. In term, a higher exercise capacity will be associated with "better" pulsatile hemodynamics. Finally, in our sample we had a low prevalence of diabetes mellitus, which contrasts the HFpEF population at large, as well as relatively low nt-proBNP levels.
In conclusion, pulsatile hemodynamics are not only independently associated with cardiac filling pressures and biochemical markers of heart failure at rest, but also with gold-standard measurements of exercise capacity in patients with exertional dyspnea and preserved LVEF.
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